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Based on the Isospin-dependent Boltzmann-Uehling-Uhlenbeck (IBUU) transport model, the iso-
tope Sn+Sn reactions at 270 MeV/nucleon are investigated. It is shown that nucleon and meson
observables in the Sn+Sn reactions at 270 MeV/nucleon cannot effectively probe the high-density
symmetry energy. These observables, however, are sensitive to the curvature of the symmetry
energy. It thus sheds light on the study of the high-density behavior of the nuclear symmetry en-
ergy by extracting the curvature of the symmetry energy through the interpretation of forthcoming
RIBF/RIKEN related data.
As saturation of the strong interaction, nucleons usu-
ally are at around saturation or low densities. In some
special astrophysical environment, such as in neutron
stars [1, 2], they can be at supra-normal densities. In
terrestrial experiments, nucleons in nuclei can be com-
pressed to form supra-normal density nuclear matter via
heavy-ion collisions [3]. To describe density and isospin-
dependence of nuclear matter, the equation of state (EoS)
of asymmetric nuclear matter is frequently mentioned in
the literature and usually expressed at density ρ as
E(ρ, δ) = E(ρ, 0) + Esym(ρ)δ
2 +O(δ4), (1)
where δ = (ρn − ρp)/ρ is the neutron-proton asymmetry
and Esym(ρ) is the density-dependent nuclear symmetry
energy. The density-dependent nuclear symmetry energy
can then be Taylor expanded around saturation density
ρ0 as [4]
Esym(ρ) = Esym(ρ0)+L
ρ− ρ0
3ρ0
+
Ksym
2
(
ρ− ρ0
3ρ0
)2
+ ...,
(2)
where L and Ksym are slope and curvature parameters
of the symmetry energy at ρ0,
L = 3ρ0
∂Esym(ρ)
∂ρ
∣∣∣∣
ρ=ρ0
,Ksym = 9ρ
2
0
∂2Esym(ρ)
∂ρ2
∣∣∣∣
ρ=ρ0
.
(3)
The values Esym(ρ0), L and Ksym of the symmetry en-
ergy at ρ0 have been roughly constrained from analy-
sis of terrestrial nuclear laboratory experiments and as-
trophysical observations over the last two decades with
Esym(ρ0) = 31.7 ± 3.2 MeV, L = 58.7 ± 28.1 MeV,
−400MeV < Ksym < 100 MeV [5–8].
The high-density symmetry energy is controversial [9],
but closely related to a series of properties of neutron
stars, e.g., their radii and cooling rates [1, 2, 10, 11],
the gravitational-wave frequency [12, 13], the gamma-
ray bursts [14], the neutron-star tidal deformability [15]
as well as the r-process nucleosynthesis [16–18] in neutron
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star mergers [19, 20]. The larger uncertain of the high-
density symmetry energy is closely related to the less con-
straints of the Ksym. In this study, we show how to get
information of the Ksym from the ongoing RIBF/RIKEN
related data. Although the isotope Sn+Sn reaction at
270 MeV/nucleon at RIBF/RIKEN in Japan cannot ef-
fectively probe the high-density symmetry energy [21],
the extraction of the curvature of the symmetry energy
through interpretation of related data can give implica-
tion on the high-density behavior of the symmetry energy
Since the slope L of the symmetry energy at saturation
density has been constrained with high probability [5].
The used Isospin-dependent Boltzmann-Uehling-
Uhlenbeck (IBUU) transport model [22] has appropri-
ately taken the effects of the short-range correlations
into account [23], with neutron and proton density
distributions in initial colliding nuclei given by the
Skyrme-Hartree-Fock with Skyrme M* force parameters
[24] and their initial momentum distributions given by
the parameterized high-momentum tails [23, 25, 26].
Details on the baryon-baryon scattering cross section
and pion production can be found in Ref. [27]. In the
mean-field approximation, the isospin and momentum-
dependent single-nucleon potential reads
U(ρ, δ, ~p, τ) = Au(x)
ρτ ′
ρ0
+Al(x)
ρτ
ρ0
+B(
ρ
ρ0
)σ(1 − xδ2)
−8xτ
B
σ + 1
ρσ−1
ρ0σ
δρτ ′
+
2Cτ,τ
ρ0
∫
d3p′
fτ (~r, ~p
′)
1 + (~p− ~p′)2/Λ2
+
2Cτ,τ ′
ρ0
∫
d3p′
fτ ′(~r, ~p
′)
1 + (~p− ~p′)2/Λ2
, (4)
where τ ,τ ′ = 1/2(−1/2) is for neutron (proton). ρ0 is
the nuclear saturation density. δ = (ρn − ρp)/(ρn + ρp)
is the isospin asymmetry with ρn and ρp being the neu-
tron and proton local densities. The parameters Au(x) =
33.037−125.34xMeV, Al(x) = −166.963+125.34xMeV,
B = 141.96 MeV, Cτ,τ = 18.177 MeV, Cτ,τ ′ = −178.365
MeV, σ = 1.265, and Λ = 630.24 MeV/c [27]. In Eq. (4),
one can keep the parameters Esym(ρ0) and slope L fixed
but varying theKsym if a density-dependent x parameter
in Eq. (4) is used [28]. To probe the curvature of the sym-
2metry energy, we in this study fix Esym(ρ0) = 30 MeV
and L = 40 MeV with density-dependent x parameter
for Ksym = 0 MeV
x = 0.5902(ρ/ρ0)
6
− 5.57(ρ/ρ0)
5 + 21.146(ρ/ρ0)
4
−
41.405(ρ/ρ0)
3 + 44.668(ρ/ρ0)
2
− 26.429(ρ/ρ0)
+7.9706 (5)
and for Ksym = −400 MeV,
x = 0.799(ρ/ρ0)
6
− 7.3573(ρ/ρ0)
5 + 26.432(ρ/ρ0)
4
−
46.748(ρ/ρ0)
3 + 42.138(ρ/ρ0)
2
− 17.661(ρ/ρ0)
+3.4464. (6)
A slope of L = 80 MeV is also used as a variation in later
discussions. Fig. 1 shows 6 density-dependent symmetry
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FIG. 1: Density-dependent symmetry energies with different
curvatures of the symmetry energy at low and high densities.
In the left panel, the lines show the density-dependent symme-
try energies with Esym(ρ0) = 30 MeV and L = 40 MeV fixed
but varying the curvature Ksym obtained by Eq. (2) and the
symbols “xFit1” and “xFit2” denote the symmetry energies
with the same Esym(ρ0), L and Ksym derived from Eq. (4)
with x from Eq. (5) and Eq. (6), respectively. In the middle
panel, the low-density (0 − ρ0) symmetry energy is derived
from Eq. (4) with x = 0.947 (corresponding the same L) and
the high-density symmetry energies are taken from symme-
try energies of “xFit1” and “xFit2”, the symmetry energies
in the whole density range are re-labeled by “xhighFit3” and
“xhighFit4”, respectively. In the right panel, the high-density
symmetry energy is derived from Eq. (4) with x = 0.947 and
the low-density parts are taken from the symmetry energies
of “xFit1” and “xFit2”, the symmetry energies in the whole
density range are re-labeled by “xlowFit5” and “xlowFit6”,
respectively.
energies with the same Esym(ρ0) and L settings but dif-
ferent curvature Ksym. In panel (a), whether below or
above ρ0, the same Ksym of the symmetry energy is em-
ployed. While in panels (b) or (c), the low or high-density
parts of the symmetry energy is fixed (both x = 0.947 in
Eq. (4)), but for the left parts the curvature Ksym at ρ0
is varied. The purpose of these settings on the symmetry
energy in Fig. 1 is to see if some observables in Sn+Sn
reactions at 270 MeV/nucleon are sensitive to the Ksym
and to see which part of the symmetry energy (low or
high-density symmetry energy) affects these observables.
The radioactive beam facilities worldwide provide a
great opportunity to study the properties of isospin
asymmetric nuclear matter. At RIBF/RIKEN in Japan,
the radioactive beams of isotope Sn +Sn reactions at in-
termediate energies are currently used to study the den-
sity dependence of the nuclear symmetry energy [29, 30].
Specifically, the neutron-rich isotope 132Sn+124Sn and
neutron-deficient isotope 108Sn+112Sn reactions are be-
ing carried out to probe the density-dependent symmetry
energy.
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FIG. 2: The n/p ratio of squeezed-out free nucleons as a
function of transverse momentum pt in neutron-rich isotope
132Sn+124Sn semi-central reactions at 270 MeV/nucleon with
impact parameter b= 4.5 fm, azimuthal angle cuts 60◦ ≤ φ ≤
120◦ and 240◦ ≤ φ ≤ 300◦ and rapidity cuts |(y/ybeam)c.m.| ≤
0.5.
It is generally considered that the squeezed-out parti-
cles, which are directly from the participant region thus
carry more information about dense matter, are more
sensitive to the properties of dense matter [31]. With
6 kinds of density-dependent symmetry energies shown
in Fig. 1, free n/p ratios of squeezed-out nucleons as a
function of transverse momentum pt in the semi-central
132Sn+124Sn reactions at 270 MeV/nucleon are demon-
strated in Fig. 2. From the left panel of Fig. 2, it is
clearly seen that free n/p ratio of the squeezed-out nu-
cleons is very sensitive the curvature of the symmetry en-
ergy, especially at high transverse momenta. Compared
squeezed-out n/p ratio in the middle panel to the right
panel, one can see that the sensitivity of the squeezed-out
n/p ratio to the symmetry energy is from the low-density
part, i.e., the squeezed-out n/p ratio in the semi-central
132Sn+124Sn reaction at 270 MeV/nucleon mainly probes
the low-density symmetry energy. However, from Eq. (2),
one can deduce the high-density behavior of the symme-
try energy if one knows L and Ksym of the symmetry
energy at ρ0. Given current constraints of the value of
the slope of nuclear symmetry energy L [5, 6], one can
readily deduce the high-density behavior of the symmetry
energy only if the curvature Ksym is constraints. So it is
meaningful to extract the information of Ksym from the
squeezed-out n/p ratio in the semi-central 132Sn+124Sn
reactions at 270 MeV/nucleon as guiding shown in the
left panel of Fig. 2.
To reduce systematic errors, the neutron-deficient re-
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FIG. 3: Same as Fig. 2, but for isotope 108Sn+112Sn reactions.
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FIG. 4: Double ratio of the squeezed-out n/p nucleons as
a function of transverse momentum pt in
132Sn+124Sn and
108Sn+112Sn reactions at 270 MeV/nucleon.
action system of the same element is often used as coun-
terpart. Fig. 3 shows the same contents as that demon-
strated in Fig. 2. It is seen from Fig. 3, the sensitiv-
ity of the squeezed-out n/p ratio to the curvature Ksym
is reduced to some extend. Again, it is shown that the
squeezed-out n/p ratio is affected by the low-density sym-
metry energy. Compared the results shown in Fig. 3 to
that shown in Fig. 2, the results are qualitatively consis-
tent but the whole results in neutron-deficient reactions
are lower than in neutron-rich reactions. The double
n/p ratio of the squeezed-out n/p nucleons in neutron-
rich 132Sn+124Sn and neutron-deficient 108Sn+112Sn re-
actions is defined as
DR(n/p) =
(n/p)132Sn+124Sn
(n/p)108Sn+112Sn
. (7)
From the left panel of Fig. 4, it is seen that sensitivity of
the double n/p ratio of the squeezed-out n/p nucleons to
the curvature Ksym is kept.
To see the impact parameter dependence of the above
discussions, we provide the case with small impact pa-
rameter. Fig. 5 shows the double ratio of the squeezed-
out n/p nucleons as a function of transverse momentum
pt in central
132Sn+124Sn and 108Sn+112Sn reactions at
270 MeV/nucleon. It is seen that the physical results are
independence of impact parameter, but the specific val-
ues of the double ratio of the squeezed-out n/p nucleons
are varied.
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FIG. 5: Same as Fig. 4, but for central collisions.
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FIG. 6: Same as Fig. 1, but for L= 80 MeV. Note that x=
0.145 is used in Eq. (4) to correspond L= 80 MeV
Although the slope L of the symmetry energy at ρ0
has been constrained with high probability [5, 6], there
is still room of uncertainty. It is thus necessary to see the
effects of L on the double ratio of the squeezed-out n/p
nucleons in Sn+Sn reactions at 270 MeV/nucleon. To
investigate the effects of slope L of the symmetry energy,
the slope parameter L = 40 MeV is replaced by L = 80
MeV and other conditions are kept. Thus, in Eq. (4) the
density-dependent x parameters for Ksym = 0 MeV case
reads
x = 0.6924(ρ/ρ0)
6
− 6.6431(ρ/ρ0)
5 + 25.082(ρ/ρ0)
4
−47.349(ρ/ρ0)
3 + 47.049(ρ/ρ0)
2
− 23.939(ρ/ρ0)
+5.3267 (8)
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FIG. 7: Same as Fig. 4, but for L= 80 MeV.
4and for Ksym = −400 MeV case
x = 0.1579(ρ/ρ0)
5
− 1.239(ρ/ρ0)
4 +
3.8325(ρ/ρ0)
3
− 5.9913(ρ/ρ0)
2
+5.4201(ρ/ρ0)− 2.0336 (9)
and x= 0.145 in Eq. (4) for the slope L = 80 MeV at
saturation density is employed. We first provide Fig. 6,
which is the same as Fig. 1 but with all the density-
dependent symmetry energies possess the same slope of
L= 80 MeV at saturation density. Fig. 7 demonstrates
the same contents as those shown in Fig. 4 or Fig. 5. The
same physical results are seen as that shown in Fig. 4
or Fig. 5. Compared the results shown in Fig. 7 with
Fig. 4, the slope L of the symmetry energy really af-
fects the value of the double ratio of the squeezed-out
n/p nucleons. And the effects of the curvature Ksym on
the squeezed-out n/p nucleons also become larger as the
increase of the slope of L.
0.1 0.2 0.3 0.4
1.5
2.0
2.5
3.0
3.5
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
(a)
pc.m. (GeV/c)pc.m. (GeV/c)pc.m. (GeV/c)
D
R
(
- /
+ )
(132Sn+124Sn)/(108Sn+112Sn)  
E
lab
= 270 MeV/u
b= 1.0 fm 
 
 
 xFit1, K
sym
=0 MeV
 xFit2, K
sym
=-400 MeV
(b)
L=40 MeV
 
 
 xhighFit3, K
sym
=0 MeV
 xhighFit4, K
sym
=-400 MeV
(c)
 
 
 xlowFit5, K
sym
=0 MeV
 xlowFit6, K
sym
=-400 MeV
FIG. 8: Double pi−/pi+ ratio as a function of momentum
in 132Sn+124Sn and 108Sn+112Sn central reactions at 270
MeV/nucleon.
Similar to the double ratio of the squeezed-out n/p nu-
cleons as shown in Fig. 4, we also plot double π−/π+ ra-
tio in the 132Sn+124Sn and 108Sn+112Sn reactions, which
reads as
DR(π−/π+) =
(π−/π+)132Sn+124Sn
(π−/π+)108Sn+112Sn
. (10)
Fig. 8 demonstrates that the double π−/π+ ratio can also
be used to probe the curvature Ksym of the symmetry
energy. From panels (b) and (c) of Fig. 8, one can see
that the double π−/π+ ratio is somewhat more sensitive
to the low-density symmetry energy, which is consistent
with that shown in Ref. [21]. However, one can deduce
the high-density behavior of the symmetry energy once
the Ksym is probed and constrained from RIBF/RIKEN
experiments.
In the Sn+Sn reactions at 270 MeV/nucleon, one can-
not effectively extract the information on high-density
symmetry energy from both nucleon and meson observ-
ables. However, the curvature information of the sym-
metry energy may be obtained from these observables
assuming the slope of the symmetry energy is known.
Therefore the Sn+Sn reactions at 270 MeV/nucleon,
which are being carried out at RIKEN in Japan, are still
meaningful on the exploration of the high-density behav-
ior of the nuclear symmetry energy.
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